The incidence of foodborne outbreaks linked to fresh produce has increased in the United States. Particularly noteworthy was the 2006 Escherichia coli O157:H7 outbreak associated with prepackaged baby spinach. This study aimed to determine whether E. coli O157:H7 would be present in the aerial leaf tissue of a growing spinach plant when introduced at various plant maturities and different inoculum levels in a greenhouse setting. Spinach seeds of a commercial variety were sown in 8-in. (20.32-cm) pots. After seed germination, two levels (10 3 and 10 7 CFU/ml) of an E. coli O157:H7 green fluorescent proteinexpressing strain were introduced into the plant growth media weekly for a total of five times. Inoculated spinach plants were examined weekly for the presence of E. coli O157:H7 on leaves and in surrounding growth media. Among 120 spinach plant samples examined for internal leaf contamination, only one yielded a positive result. Surface leaf contamination occurred occasionally and clustered between 3 and 5 weeks of age, but not among leaves younger than 3 weeks of age. On the other hand, when inoculated at the 10 7 CFU/ml level, the E. coli O157:H7 green fluorescent protein strain survived the entire cultivation period, although with gradually reduced levels. The experiments demonstrated that internalization of E. coli O157:H7 of growing spinach plant leaves under greenhouse conditions was a rare event, but surface contamination did occur, primarily when the plants reached 3 weeks of age. The study provided important data to further assess the association between spinach age and potential contamination of E. coli O157:H7.
Contaminated produce eaten raw has been increasingly implicated in foodborne outbreaks in the United States (32, 36) . According to the Centers for Disease Control and Prevention, the proportion of foodborne outbreak-associated illness due to the consumption of fresh produce jumped from 1% in the 1970s to 12% in the 1990s (32) . Between 1996 and 2006, 72 produce-related outbreaks were documented, resulting in over 8,500 reported illnesses and several deaths (7, 36) . Among all produce items, lettuce and leafy greens, tomatoes, and cantaloupe were the top three, accounting for 30, 17 , and 13% of all produce-associated outbreaks, respectively (7) . Escherichia coli O157:H7 and Salmonella were the two prominent human pathogens involved in such outbreaks (7) . In September 2006, tainted prepackaged baby spinach triggered an E. coli O157:H7 outbreak that resulted in 205 confirmed illnesses and three deaths in 26 states (36) , as well as an estimated $37 to 74 million loss for the California produce industry (37) .
At any point along the farm-to-table continuum, fresh produce can be contaminated with human pathogens like E. coli O157:H7, which is shed in the feces of healthy cattle and other farm or wild animals, and can persist in the environment over extended periods (22, 27) . Primary sources of preharvest contamination include soil amended with untreated or improperly composted manure, contaminated irrigation water, the presence of wild and domestic animals, infected workers, and unclean containers and tools used in harvesting (36) . Once harvested, fresh produce undergoes minimum processing (no lethal kill step), mainly cleaning and sanitizing with chlorine or alternative sanitizers (14, 30) . However, at concentrations used in the produce industry (50 to 200 ppm), a typical commercial chlorine wash only results in 1-to 2-log CFU/g reduction of bacterial pathogens (12, 26, 35) , although in the laboratory, one study (29) reported an approximate 5-log CFU/g reduction with inoculated produce. Limitations in the effectiveness of chemical sanitizers are due partly to the formation of microbial biofilms and the physical structure of the plants, which can limit the accessibility of sanitizers to the sites where microorganisms reside (1, 14) .
Postharvest sanitizer wash is intended to reduce microorganisms on the produce surface, but will not be effective if microbes are inside the tissues (14) . Multiple studies have shown that internalization of E. coli O157:H7 in growing lettuce or spinach occurred (9, 15, 19, 23, 34, 40) , while others showed no internalization (24) . Plant roots (rhizosphere) appeared to be the preferable site for attachment and entrance, and the contamination was reported to be dose dependent (39) . However, it remains controversial whether E. coli O157:H7 is capable of contaminating the edible part of a mature plant (phyllo-sphere) when introduced through soil or irrigation water. In spinach, internalization was observed in the root tissue or seedlings but not in mature leaves (19, 40) . Moreover, in most studies examining the attachment and internalization of enteric pathogens in plant tissues, inoculations were done at the seed or seedling stage only. However, since contamination events can occur at any stage throughout the cultivation period in the field, the effect of plants encountering E. coli O157:H7 at later growth stages on the contamination of mature plants needs to be established.
To enhance produce safety, substantial research is needed to better understand factors that contribute to the contamination and internalization of pathogens in produce. The main objective of this study was to determine the effects of plan maturity and bacterial inoculum level on the colonization and contamination of E. coli O157:H7 in the aerial leaf tissue of growing spinach plants in a greenhouse setting. Additionally, we examined the survival of E. coli O157:H7 in the growth media over the entire spinach cultivation period (44 days).
MATERIALS AND METHODS
Bacterial growth conditions and inoculum preparation. A green fluorescent protein (GFP)-labeled E. coli O157:H7 strain B6-914, which lacks Shiga toxins 1 and 2, and carries an ampicillin resistance marker, was used in the study (16) . This E. coli O157:H7 strain has been used widely in previous produce safetyrelated studies (17, 31) . The strain was routinely cultured on Trypticase soy agar (TSA; Difco, Becton Dickinson, Sparks, MD) or in Trypticase soy broth (TSB) containing 100 mg/ml ampicillin (Sigma-Aldrich, St. Louis, MO), at 37uC overnight with shaking. On the day of inoculation, fresh E. coli O157:H7 B6-914 broth culture was washed twice with sterile saline (0.85% NaCl) and adjusted to an optical density at 600 nm of 0.05 (ca. 1 | 10 7 CFU/ ml). Serial dilutions were then made in saline for inoculation at two levels, 10 3 and 10 7 CFU/ml. The exact cell numbers were enumerated by standard plating methods.
Plant growth conditions. Spinach was cultivated in a greenhouse facility located on the Louisiana State University campus, as approved by the Inter-Institutional Biological and Recombinant DNA Safety Committee. The greenhouse had a 14-h photoperiod, and day and night temperatures of 24 and 18uC, respectively. Humidity ranged between 50 and 85% throughout the cultivation period. Spinach seeds of a standard commercial variety ('El Grinta', Rogers/Syngenta Seeds, Inc., Boise, ID) were used in the study. The seeds were chilled at 4uC for 3 days before randomly sowing in 8-in. (20.32-cm) pots filled with a Canadian peat-based plant growth medium (Sunshine Mix no. 1, Sun Grow Horticulture, Bellevue, WA). The pots were randomly arranged on the greenhouse benches, with at least 10-cm distances in between to avoid cross-contamination (splashing) during watering. After sowing, the pots were watered daily for 2 to 5 days to allow for seed germination. The plants were continuously watered daily after germination and fertilized weekly with fish emulsion (5-2-5, Ferti-Lome, BWI Companies, Inc., Jackson, MS) throughout the cultivation period until the final harvest time on day 44. During watering, special attention was paid so that the water level did not exceed 5 cm above the growth media levels in the pots, to avoid vertical bacterial transfer from the growth media to spinach leaves.
Plant inoculation and harvest scheme. The inoculation regime and harvest scheme are detailed in Table 1 . Starting on day 9 after sowing, the bacterial inocula were introduced into the plant growth media on a weekly basis, i.e., on days 9, 16, 23, 30, and 37. Each plant was inoculated only once. Inoculation was done through surface addition of 1 ml of bacteria at two concentrations (10 3 and 10 7 CFU/ml) into the plant growth medium within a 5-cm radius of the plant. The total number of plants maintained in the greenhouse consisted of five replicates for each inoculation levelharvest week combination, and five control plants with no bacteria inoculated for each harvest week.
After inoculation, spinach plant samples were collected on the third day and weekly thereafter until final harvest day 44. On each sample collection day, three healthy plants of the five designated for the inoculation level and harvest week were randomly selected. Each plant was aseptically removed from the pot by using scissors to cut the plant leaf tissues 5 cm above the ground to avoid growth medium contamination. The leaf tissues from the same plant were divided equally in half and placed into two Ziploc bags. Additionally, approximately 30 g of Sunshine Mix in the pot within a 5-cm radius of the plant was collected with sterile gloves and placed into the third Ziploc bag. Collected spinach and growth media samples were sealed and transported to the laboratory on ice. The weight of each sample was recorded. NA  NA  NA  NA  NA  NA  NA  3  9  2 (day 18)  3  3  3  3  NA  NA  NA  NA  NA  NA  3  15  3 (day 25)  3  3  3  3  3  3  NA  NA  NA  NA  3  21  4 (day 32)  3  3  3  3  3  3  3  3  NA  NA  3  27  5 (day 39)  3  3  3  3  3  3  3  3  3  3  3  33  6 (day 44)  3  3  3  3  3  3  3  3  3  3  3  33  Total  18  18  15  15  12  12  9  9  6  6 18 138
a Innoculation levels are 10 n CFU/ml. b NA, not applicable.
Microbiological analysis. For microbiological analysis, two leaf samples and one growth medium sample were associated with each spinach plant. One leaf sample was used for total E. coli O157:H7 enumeration, whereas the other one for examining the internalized E. coli O157:H7 counts. Additionally, rinse waters (first rinse in 100 ml and final rinse in 50 ml sterile distilled water, respectively) used for the internalized E. coli O157:H7 analysis (as described below) were enumerated for E. coli O157:H7.
The spinach leaf sample used for total E. coli O157:H7 counts and the growth medium sample were processed similarly. The weight of spinach leaf samples ranged from 0.1 to 3.6 g, with a mean value of 1.0 g, whereas the growth media samples weighted between 10.5 and 80.2 g, with a mean value of 32.2 g. After adding 100 ml of TSB, the sample was homogenized for 1 min in a food stomacher (model 400, Tekmar Company, Cincinnati, OH). Aliquots (100 ml) of the homogenate and appropriate dilutions were spread plated onto TSA supplemented with 100 mg/ml ampicillin. After overnight incubation at 37uC, the numbers of colonies were counted and observed under UV light (for green fluorescent colonies). For samples containing no visible colonies, enrichment was performed in TSB overnight, and then the colonies were spread-plate counted.
Spinach leaf samples used for internalized E. coli O157:H7 counts were first rinsed with 100 ml of sterile distilled water, and then submerged in 100 ml of 2% (wt/vol) calcium hypochlorite (Sigma-Aldrich) solution for 20 min to inactivate the residual surface microflora, which was followed by three rinses in 100 ml of sterile distilled water and one final rinse in 50 ml of sterile distilled water. After the final rinse, spinach leaf samples used for internal E. coli O157:H7 were enumerated similarly, as described above for total E. coli O157:H7 counts. Aliquots (100 ml) of the first and final rinses were spread plated on TSA with ampicillin to examine the counts or presence or absence of the E. coli O157:H7 GFP strain.
Statistical analysis. Analysis of variance (ANOVA) and then post hoc multiple comparisons using the least-significant difference test (SAS for Windows, version 9.1, SAS Institute, Inc., Cary, NC) were performed to compare the contamination incidences of the E. coli O157:H7 GFP strain among spinach leaf samples harvested at different plant ages and at different time intervals between inoculation and harvest, as well as differences in the E. coli O157:H7 GFP strain counts (in log CFU per gram) among growth media samples from plants inoculated at 10 7 CFU/ml. Additionally, the chi-square test was used to compare the contamination incidences of the spinach leaves for plants inoculated with two bacterial inoculum levels. Differences between the mean values were considered significant at P , 0.05.
RESULTS
None of the 18 control spinach plants examined yielded GFP-labeled E. coli O157:H7 for any of the growth media, total leaf, surface leaf (first rinse), final rinse, or internal leaf samples (data not shown). Similarly, for the 120 experimentally inoculated spinach plants subjected to microbiological analysis, none of the final rinse samples were positive for E. coli O157:H7 (data not shown). Contamination and internalization incidences and/or levels in other spinach leaf and growth media samples are presented in Tables 2 and 3 , and described below.
Internalization of E. coli O157:H7 in spinach leaves. Among 120 spinach samples examined for internal E. coli O157:H7 contamination, only one yielded a positive result (Table 2 ). This incidence occurred in one of the three plants that was inoculated at the 10 7 CFU/ml level in the third week (day 23) and harvested in the same week (day 25). The contamination level was below the detection limit (10 CFU/ ml) for direct plating but was observed after enrichment. The actual internal contamination level was less than 3.3 | 10 3 CFU/g (the detection limit of direct plating) when taken into account of the sample weight. Internal E. coli O157:H7 was not detected in subsequent sampling of plants inoculated at the same time and level.
Surface contamination of E. coli O157:H7 on spinach leaves. Among 120 spinach leaf samples examined for total leaf contamination, 11 (18.3%) of 60 plants inoculated at the 10 3 CFU/ml level were contaminated, compared with 13 (21.7%) of 60 for those inoculated at the 10 7 CFU/ml level (Table 2) . Similarly, a higher incidence of contamination was observed for surface leaf samples, with 5 (8.3%) of 60 and 9 (15%) of 60 for inoculations at 10 3 and 10 7 CFU/ml levels, respectively. Nonetheless, the differences in contamination incidences observed between the two inoculum levels for both total leaf and surface leaf samples combined were not statistically significant (P . 0.05) as analyzed by the chisquare test. Additionally, most of the contamination incidences were detected after enrichment, indicating levels lower than the detection limit (10 CFU/ml) for direct plating. The five spinach leaf samples with countable numbers by direct plating were the total leaf samples for all three plants that were inoculated at the 10 7 CFU/ml level in the third week (day 23) and harvested in the same week (day 25), one surface leaf sample among the same three plants, and one total leaf sample among the three plants that were inoculated at the 10 7 CFU/ml level in the fourth week (day 30) and harvested in the same week (day 32).
When grouping the incidences of leaf contamination by spinach age at the time of harvest, interestingly, for the 10 3 CFU/ml inoculum level, regardless of the time of inoculation, none of the plants harvested during the first 3 weeks or the last week were contaminated ( Table 2 ). The contamination incidences clustered among leaf samples harvested when the plants were 4 or 5 weeks old, and spinach plants harvested at ages 4 and 5 weeks had significantly (P , 0.05) higher contamination incidences compared with plants at other ages, as analyzed by ANOVA and the least-significant difference test. Similar findings were observed among plants inoculated at the 10 7 CFU/ml level, although contamination also occurred when the plants were 3 or 6 weeks of age (Table 2) . Nonetheless, plants harvested at weeks 4 and 5 were found to have significantly (P , 0.05) higher incidence of contamination with the E. coli O157:H7 GFP strain.
The effect of harvesting at different days after inoculation on the contamination incidences of the spinach leaf samples is shown in Table 3 . For 30 experimentally inoculated spinach plants harvested on day 44, none of the 15 plants inoculated at the 10 3 CFU/ml level were contaminated, whereas 3 of the 15 plants inoculated at the 10 7 CFU/ml level were contaminated. One of the three contaminated plants was inoculated on day 30 and the other two were inoculated on day 37, 1 to 2 weeks before harvest.
Similar analyses were performed for plants harvested on days 39, 32, and 25, and data are shown in Table 3 . Across these four harvest dates, close to 40% (15 of 38) spinach leaf contamination occurred within 1 week after inoculation, and 60.5% (23 of 38) contamination occurred within 2 weeks after inoculation. Based on the statistical analysis, spinach samples harvested within 1 and 2 weeks of inoculation had significantly (P , 0.05) higher incidences of contamination compared with those harvested at a later time.
Survival of E. coli O157:H7 in the growth media. The E. coli O157:H7 GFP-expressing strain was found in all growth media samples collected throughout the cultivation period. For plants inoculated at 10 3 CFU/ml, although recovered after enrichment, the GFP-expressing E. coli O157:H7 could not be detected for the majority of samples by direct plating, indicating the contamination levels below the detection limit (10 CFU/ml). In contrast, from plants inoculated at 10 7 CFU/ml, all except one growth medium sample had countable numbers via direct plating, indicating higher levels of contamination. Figure 1 shows changes in the E. coli O157:H7 GFP strain concentrations (in log CFU per gram) in the growth media for plants inoculated at the 10 7 CFU/ml level. As the gap between inoculation and harvest increased, a gradually reduced level of contamination was observed, and this decreasing trend was found to be statistically significant (P , 0.05). 
DISCUSSION
Leafy greens such as lettuce and spinach are a leading produce category among many fresh and fresh-cut produce items that have been increasingly involved in foodborne outbreaks (7, 36) . A better understanding of the occurrence and factors affecting the internalization and contamination of foodborne enteric pathogens in leafy greens will have significant implications for prevention and control. It remains uncertain whether the adherence of enteric pathogens to produce tissues is due to passive physicochemical forces of the plants or active attachment processes involving specialized bacterial cellular mechanisms (11) . Some studies have reported that bacterial strains varied widely in their endophytic colonization abilities, which could be related to the plant defense mechanisms that targeted bacterial extracellular components (13, 21) . Interestingly, Solomon and Matthews (33) recently reported that the uptake of E. coli O157:H7 in lettuce is independent of any bacterial process, since dead cells and fluorescent microspheres were present in the aerial part of mature lettuce plants in a similar manner to live E. coli O157:H7 cells. The authors suggested that the uptake process might be governed by the plant instead of the organism, recommending commodity-specific investigations. Previous studies have demonstrated the internalization of enteric pathogens in mature lettuce tissues via soil inoculation (4, 15, 34) , but for spinach grown in soil inoculated with E. coli O157:H7, internalization was observed in roots but not in mature spinach leaves (19, 23, 40) . Additionally, in most of those studies, internalization was observed in the root tissue or seedlings of spinach but not in mature leaves (19, 40) . In this study, we found one incidence of internalization (of the 120 spinach samples examined) in the spinach leaves harvested on day 25, suggesting that internalization was not a Both total leaf and surface leaf samples from the same plants were contaminated with GFP-labeled E. coli O157:H7 strain B6-914. readily occurring when the plants were grown in a greenhouse setting. Generally speaking, under greenhouse conditions, the possibility of external vectors (e.g., bird droppings or grazing wild animals) contaminating the spinach plants were largely minimized. In this study, we further reduced cross-contamination by randomly arranging the pots with sufficient separations and avoiding splashing and vertical transfer during watering. However, the risk of E. coli O157:H7 internalization needs to be further evaluated in field studies with conditions that closely mimic the environmental conditions spinach encounters during the growing seasons. A previous report (15) underscored the importance of using a proper surface sterilization method in studies examining internalized pathogens in plants. In this study, a common chlorine solution, 2% (wt/vol) calcium hypochlorite solution for 20 min (38) , was used and found to be an effective mechanism to remove residual surface microflora, since none of the final rinse water samples contained viable cells. The method was also found to be logistically easy when handling a large number of plant samples compared with methods using multiple sanitizing steps.
In contrast to internalized contamination, surface contamination of the aerial leaf tissues was readily observed in this study, particularly when the inoculum was introduced at the 10 7 CFU/ml level. Two mechanisms might help explain how surface contamination occurred. We did not cover the plants with plastic at the growth media lines, which might result in cross-contamination of the E. coli O157:H7 GFP strain from the soil to the leaves during watering. Secondly, the ventilation system (airflow) in the greenhouse might help bacterial cells migrate from the growth media onto the spinach leaves. An interesting observation was that surface spinach leaf contaminations clustered between 4 and 5 weeks of age at harvest, but not among leaves younger than 3 weeks of age. We hypothesize that plant defense systems (which are dependent on the developmental stage of the plant) could play a role here. Very few reports have examined the effect of plant age on the contamination of enteric pathogens. Bernstein et al. (4) assessed the contamination potential of lettuce of Salmonella enterica serovar Newport added to the plant growing medium, and reported that internalization of Salmonella via the root to the aerial tissues was identified in 33-day-old plants but not 17-or 20-day-old plants, and such contamination was stimulated by root decapitation. Another recent study reported that leaf age was a risk factor in contamination of lettuce with E. coli O157:H7 and S. enterica, with the population size of the pathogens ca. 10fold higher on the younger (inner) leaves than on the older (middle) leaves (6) . The authors correlated the nitrogen content in the leaves with the likelihood of contamination, as young-leaf exudates were 2.5 and 1.5 times richer in total nitrogen and carbon, suggesting that nutritional content of the plant tissue played a role (6) . Further studies assessing the association between spinach age and potential contamination of E. coli O157:H7 could provide practical means for developing strategies for control.
In addition to plant age as a factor affecting the interaction between foodborne pathogens and produce, previous studies have shown the effects of phytopathogens and protozoa to enhance the internalization and persistence of human pathogens on produce leaves (3, 5, 18) . Other studies, on the other hand, showed no effect or even beneficial effect of phytopathogens on the survival of human pathogens on plants (2, 8) . Additionally, several studies have investigated genetic factors involved in the attachment and colonization of produce by human pathogens (10, 25, 28) . Future studies in these areas will lead to a better understanding of various factors that affect the contamination of produce by human enteric pathogens.
In most reports examining the contamination of fresh produce with enteric pathogens, the levels of bacteria used were far greater than what might be found in an agricultural field; therefore, they might only indicate the worst-case scenario. Our data showed that inoculation levels (10 3 and 10 7 CFU/ml) affected the contamination incidences, corroborating previous studies (39) .
Another interesting finding from this study was the effect of harvesting at different days after inoculation on the contamination incidences on the surface of spinach leaf samples. In the study by Bernstein et al. (4) , the authors observed the presence of Salmonella in lettuce leaves 2 days postinoculation but not 5 days later. Similar to their findings, we found that 60.5% of contamination incidences occurred within 2 weeks after inoculation, although some occurred as many as 30 days postinoculation. As reviewed by Doyle and Erickson (14) , the longer the interval between application of the contaminated vehicle and the harvest of the plant, the greater the likelihood that the produce would not be contaminated. It is therefore important to incorporate sufficient intervals between potential contamination events and harvest, such as the minimum 120 days fertilization-toharvest interval recommended by the National Organic Program and validated by some studies (20) .
Similar to many previous studies that reported E. coli O157:H7 can survive extended period in soil and environment (22, 27) , our data found the presence of E. coli O157:H7 throughout the cultivation period (44 days) at both inoculum levels.
The findings in this study are subject to at least four limitations. First, as mentioned above, the study was conducted in a greenhouse rather than in a field setting. The sample size included in this study was relatively small. Second, the bacterial inoculation levels used were greater than what might be found in an agricultural field. Third, stomaching was used in this study to assess the uptake of E. coli O157:H7 into spinach leaves, which might not effectively release internalized populations from within leaves and thus underestimate the contamination levels. Additionally, the study used a single E. coli O157:H7 strain; hence, it is not clear how the results relate to other strains.
In conclusion, the present study demonstrated that internalization of E. coli O157:H7 of growing spinach plant leaves under greenhouse conditions was a rare event, but surface contamination did occur, primarily when the plants reached 3 weeks of age. The finding that greater contamination occurred on the surface than on the inside tends to support that the pathogen would have been deposited on the leaf surface before being internalized and thus would not have entered via the roots. Furthermore, the study provided important data to further assess the association between spinach age and potential contamination of E. coli O157:H7.
